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FOREWORD

This report docunents work perforned by Crew System Ergonom cs
Information Anal ysis Center (CSERI AC) on Subtask 2 of the task
entitled "Sinmulation Fidelity Requirenents.” The task was a

provi sion of an | nteragency Agreenment between the Federal Aviation
Adm ni stration Technical Center (Departnent of Transportation) and

t he Defense Technical Information Center (DTIC). It was conducted
under DOD Contract Number DLA900-88-D- 0393, and the CSERI AC Task
Nurmber was 93956-24. The CSERI AC Program Manager was M. Don
Dreesbach. The CSERI AC Task Leader was M. Mchael C. Reynolds. The
Federal Avi ation Adm nistration Techni cal Program Manager (TPM was

M. Albert J. Rehmann, and the FAA project engineer was M. Pochol o
Br avo.






TABLE OF CONTENTS

EXECUTI VE SUMVARY

1. | NTRODUCTI ON
1.1 Purpose/ Scope
1.2 Organi zation of the Report
2.  SI MULATED EXPERI MENTAL RESEARCH DEVI CES
2.1 Airplane Sinulator
2.2 Airplane Flight Training Device
2.3 Conputer-Based Sinul ati on Device
2.4 Summary
3.  SI MULATI ON FI DELI TY
3.1 Fidelity Drivers
3.2 Fidelity of Sinmulation Device Subsystens
4. RESEARCH SI MULATOR FI DELI TY REQUI REMENTS
4.1 Determning Fidelity Requirenents
5.  HUMAN FACTORS RESEARCH FI DELI TY CONCERNS
5.1 Sinmulation Research Study Types
5.2 Sinmul ation Research Fidelity Recommendati ons
6. FUTURE RESEARCH AND RECOMVENDATI ONS
7. REFERENCES
APPENDI CES

A - FLIGHT TRAI NI NG DEVI CE M NI MUM STANDARDS

10
11

13
14

16

19

o w N NN

\I

17

22

24



LI ST OF | LLUSTRATI ONS
Fi gure Page

1 Requi rement for Equi prent and Envi ronnent al 10
Cue Fidelity (from AGARD, 1980)

LI ST OF TABLES

Tabl e Page
1 Si nul at or Subsystens 12
2 Level s of Fidelity Characteristics for 12

Si mul at or Subsyst ens

Vi



EXECUTI VE SUMVARY

Thi s docunent investigates the issue of fidelity and the role it

pl ays in choosing the appropriate simnulation device for flight deck
human factors research. Fidelity is concerned with the degree to
which a flight sinmulator matches the characteristics of the rea
airplane. An extensive search of the scientific literature provided
the nost current information related to sinulator fidelity and how to
determ ne what levels of fidelity are necessary for sinmulated
experinmental research. The purpose of this report is to provide
basis material to guide the Federal Aviation Adm nistration (FAA) in
stipul ating the sinmulator sophistication (level of fidelity) required
to conduct various types of flight deck experinmental research

This anal ysis defines a research sinulation device and identifies the
three general categories of aircraft sinulation devices: (1)
airplane sinulators, (2) airplane flight training devices, and (3)
conput er - based sinul ati on devices. The use of sinulation is an
extrenely inportant resource for nost aviation human factors research
and devel opnent prograns. This inportance is due to a variety of
factors, including cost and tinme savings that can be realized, the
ability to reproduce and exam ne situations that woul d be unsafe
usi ng actual equi pnent, and the control and neasurenent of human-
machi ne performance. Sinulation provides an early opportunity to
bring experienced flight crews into the aviation human factors design
process to assess and insure, in particular, proper man/ machine
interfaces and workl oad | evel s.

Addi tional inpetus has been provided by the trenmendous technol ogi ca
advances in conputer software and hardware capabilities being
incorporated into these devices. These robust capabilities are being
obtai ned at the expense of increased devel opnental, operational, and
mai nt enance costs. This increased cost has caused flight sinulator
users to ook closely at the sinmulator requirenents necessary to
effectively performtheir tasks, and then invest enough resources to
obtain a sinulation device that neets their specified needs. Failure
to properly determ ne these sinulator requirenents can result in (1)
unsati sfactory results due to lack of realism or (2) satisfactory
results but at prem um cost (suboptim zation).

Bef ore deci ding what sinulation requirenments are necessary for a
specific need, researchers need to understand sinmulator effectiveness
and the concept used to describe it, fidelity. The concept of
fidelity relates to the degree to which the characteristics of a
flight simulator match those of the actual airplane. Sinulator
fidelity has been discussed and studied for over 30 years, and there
is still no agreed upon single definition. During this tine, the
term has been used in a variety of ways and to refer to many
different aspects of sinmulation. A representative sanple of the
different kinds of fidelity includes such things as: equi pnent
fidelity, environmental fidelity, psychological fidelity, task
fidelity, physical fidelity, and functional fidelity. A common

t hread, however, is that together these definitions inply at |east
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two maj or features or dinmensions along which these sinul ated devices
may differ from actual equipnent.

These two features represent the division of a sinulator into two
cl asses depending on the nature of the cues they provide.

1. Equipnent cues provide a duplication of the appearance and fee
of the operational equipnment (the aircraft), i.e., the static and

i nternal dynami c characteristics such as the size, shape, |ocation
and col or of controls and displays, including controller force and
di spl acenent characteri stics.

2.  Environnent cues provide a duplication of the environnment and
notion through the environnent. Fidelity is then a function of the
degree to which the equi pnent and environmental cues relate to those
of the real airplane.

Anong the two major categories of sinulators, training and research,
there is a tradeoff between equi pnent and environmental cue fidelity
requi red. The physical correspondence between sinulator and airpl ane
in terns of cockpit layout, flight instrunents, controls, etc., for
training simulators should result in high equipnment cue fidelity to
advocate a high degree of transfer of training to the operationa
environment. On the other hand, research and devel opnent sinul ators
shoul d pl ace nore enphasis on high environnental cue fidelity.

Envi ronment al cues, by definition, provide duplication of the
operational aircraft environment and notion, and thus will result in
a hi gher degree of realismbeing experienced by the subjects. This
perceived realismw |l result in subject performance nore closely
mat chi ng that which would occur in the real world.

Once the concept of fidelity and its affect on sinulation is

under stood, requirenments for simulation experinental research can be
exam ned. The essential feature of simnulator experinenta
investigations is to introduce the pilots into a closed | oop contro
situation, so that account is taken of their capabilities and
[imtations regarding the performance or behavi or bei ng eval uat ed.
The expectation is that within the bounds of the experinenta

condi tions, behavior in the sinmulator will match their behavior in
the flight situation. Hence, the primary goal for a flight
simul ati on researcher is to produce experinental conditions that
elicit behavior that would occur under simlar circunstances in the
real world. However, regardless of the level of fidelity and how
accurately it was determ ned to neet the goals of the research, no
si mul ator eval uati on can conpletely duplicate the experience in the
real world. Therefore, any results should be verified operationally
bef ore definite concl usions can be nade.

When pl anni ng human factors research, the required characteristics
and features of the research vehicle are prom nent issues of
consideration in the goal of choosing the right sinmulator for the

pl anned research investigation. Two principal factors in determning
t he choice of research vehicle are (1) the type of research required
by the problem and (2) know edge of the factors that influence the
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behavi oral processes of interest. The type of research dictates the
| evel of representation that the research vehicle nust have.

Know edge of the factors which influence the behavioral processes
det erm ne how conprehensively the research vehicle nmust represent an
operational systemand its associated situational condition.

Toget her, these features are commonly thought of as the fidelity of
t he research vehicle.

Sinul ation researchers are faced with the many probl ens,

consi derations, and conflicting issues relating to the determ nation
of fidelity requirenents for a sinmulation research effort. Fidelity
is anultivariant construct with no consensus anong researchers of a
singl e i ndex of neasurenment or definition. G ven the degree of
differences and difficulties relating to sinulator fidelity, specific
gui delines for various types of experinmental research are not
presently avail able. However, general conclusions can be nmade
regardi ng how varying levels of fidelity can effect the outcone of
different types of experinents. Experinental research studies
performed using a sinulation device generally fall into two
categories, full-mssion and part-task. Full-m ssion studies exam ne
behavior in the full context of the aviation environnent, while part-
task studi es concentrate on the behavior relating to a specific task
or function. Wthin these two categories there are distinct study
types that are distinguished by the conplexity of their objectives or
the type of simulation device used for investigation.

The basic idea of full-mssion relates to performng a research study
with the nost realistic simulation possible. 1t includes the
aircraft cockpit, visual and notion cues, aircraft flight dynamcs,
all of the aircraft subsystens, the flight environment (including air
traffic control, weather, and other air or ground vehicular traffic),
the cabin crew, and all ancillary flight services (such as dispatch
ranp passenger services, and mai ntenance). @G ven these
characteristics of full-mssion sinulation, it can be accurately
stated that only airplane sinulators should be used for full-mssion
simul ati on applications. The airplane sinmulators are the only
simul ati on devices that specify visual and notion characteristics by
definition, and these capabilities are definitely necessary when
conducting full-mssion sinulation research. A full-mssion
simul ati on can be used to investigate cognitive tasks in the context
of the multitask, conplex operation of flying an airplane. Al so,
much of the research performed using full-mssion sinulation focuses
on cockpit instrumentation, crew procedures, and workl oad

nmeasur ement .

A main fidelity issue of concern in full-mssion sinulation is the
pil ot subjects’ desire for scenario fidelity. Pilots generally do
not accept deviations from operational practice unless it is
specified at the beginning of the sinulation. Pilots experiencing
negati ve user acceptance cues are nore likely not to elicit the sane
behavi or as they mght in the real world. Hence, for full-mssion
simul ati on research studies, the higher the level of fidelity the
nore likely their behavior will represent that of the operationa
environment and therefore be generalizable to the real world.



The concept of a part-task study is to investigate a perfornmance
nmeasure in response to a specific mani pul ated task or function. These
types of investigations isolate a single critical function for
evaluation in terns of pilot behavior. The benefit of part-task
simulation is derived fromthe view that the eval uation of smaller
conponent tasks is nore acceptable for experinmental testing and
statistical analysis and nore objective information regarding

per formance can be obtained. Basically, studies |ooking at human
performance on a specific individual task (reaction time, accuracy,
etc.), or functional problens inherent to a task or condition can be
eval uated using part-task sinulation. However, what part-task
simulation may gain in experinmental control it |lacks in externa
validity, i.e., accurate representation of the real world.

Part-task sinulations can utilize a wide variety of sinulation

devi ces such as: mcroconputer simulation devices, lowfidelity
desktop training devices, and high fidelity airplane flight training
devices. This wide range of fidelity devices conplicates the issue
of determ ning specific requirenents for part-task simnulation
fidelity. The utilization of too nmuch fidelity can result in
unwant ed vari ance associ ated to the behavior being exam ned. On the
other hand, if the sinulation does not represent the context in which
the specific task is to be investigated, due to a |ow | evel of
fidelity, the behavior exam ned may not be exactly that for which the
research was intended. Hence, fidelity requirenents for part-task
simul ati on studi es cannot be determined in general. The requirenents
nmust be determ ned on a case-by-case basis depending on the

obj ectives of the research

In conclusion, simulation fidelity is an obscure concept that is
being thrust onto the sinulation comunity as a way to neasure a
simul ati on device's effectiveness for human factors research.

To date, no consensus on just what exactly fidelity is, or howit
affects sinmulation research efforts has been agreed upon.
Additional ly, the amount of research avail able that investigates
fidelity requirenents for research sinulators is not abundant, and no
real guidelines have ever been agreed upon by sinul ator researchers.
To reiterate, sinulation fidelity requirenments are dependent
specifically on what the sinmulator is to be used for. A well-

desi gned research sinulation project is cost-effective when conpared
to nost other ways of achieving the sanme objectives, such as flight
test. However, as the use of sinulation for research increases, nore
specific guidelines and requirenents for fidelity are necessary to
ensure that the sinulation devices are being used effectively to neet
t he objectives of the specified research. Recommendations for future
research to provide nore specific requirenents for human factors
simul ati on research are presented at the end of the docunent.
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1. 1 NTRODUCTI ON.

Flight sinulation is a vital part of aeronautical research. This
research is conducted on a broad front, both at research
establishments and in industry. Sinulation ranges from conprehensive
representati ons of the operational equipnment and environnent in
support of full-m ssion performance to nodest sinulations involving a
single itemof equipnment or part task. Sinulation allows researchers
to conbi ne real -worl d hardware, environnental conditions, and task
demands with the ability to control events and conditions. Also,
research sinulators allow designers to explore the inplications of

di fferent design options without having to incur the expense and
delay arising frombuilding and testing a range of prototypes. In
addition, flight sinulation research has provided a neans of
evaluating the |ikely behavior and consequences arising from abnornma
operating configurations w thout jeopardizing the safety of the
flight crews. Utimtely, the use of simulation will result in data
bei ng collected faster and nore economically than in the real world.

The use of flight simulation in research has extended considerably in
the | ast 20 years, as equipnment inprovenents have becone avail abl e.
As this gromh continues, there are nmany issues that are being

debat ed regarding the use of sinulation for experinmental research and
devel opnment. One of the major issues surroundi ng human factors
flight simulation research involves determ ning what |evel of
simulator fidelity is necessary to provide satisfactory experinenta
resul ts.

One group anong today's heavy users of flight sinmulators continues to
strive for as much realismas possible, i.e., (high fidelity). The
belief here is that the nore realistic a sinmulation is perceived by
the pilots, the nore their behavior mmcs that in the operationa
environment. Technol ogy advancenents have nade the goal of a notion-
based sinulator with a waparound vi sual system and the exact
duplication of every detail of the cockpit a reality. The high
degree of cockpit simlarity in this type of simulator conveys a high
degree of face fidelity, or overall representation of real-world
characteristics. This face fidelity has played a magjor role in
gai ni ng acceptance from professional pilots for using sinmulators to
conduct experinental research. Be this as it may, with the ever-

i ncreasing use of flight simulators and their expandi ng costs, other
groups in the sinulation research comunity have | ong supported the
use of lower levels of fidelity depending on the goal of the

si mul ati on.

The work described herein anal yzes sinmulator fidelity issues and

di scusses fidelity requirenents for human factors sinulation research
studies. An extensive literature review was perforned on the genera
topic of research simulator fidelity issues. This topic was

i nvestigated to provide guidance information for the Federal Aviation
Adm nistration (FAA) to consider when determning fidelity

requi rements for specific types of human factors experinmenta

research studies. The general concept of fidelity will be introduced



and issues concerning various levels of fidelity in simulation
research are sunmari zed.

1.1 PURPOSE/ SCOPE

The information contained herein provides a handbook to gui de the FAA
in selecting experinmental apparatus as a function of a given research
study. This handbook will support the FAA's future flight deck data
i nk human factors research programthat utilized their established
Cockpit Sinmulator Network (CSN). Material found in this handbook

di scusses how to utilize resources (sinmulators) in the nost efficient
(technically) and cost effective way, given that as fidelity

i ncreases, cost increases. |ssues regarding necessary simulator
fidelity requirenents for conducting human factors research are

addr essed.

1.2 ORGANI ZATI ON OF THE REPORT.

The report will begin with a brief introduction to the various types
of research sinulation devices and proceeds to classify theminto
three major categories based on their characteristics. The categories
are (1) Airplane Sinulator, (2) Airplane Flight Training Device, and
(3) Conputer-Based Sinmulation Device. Next, the term“Fidelity” is
defined with regards to sinulation and the individual conmponents that
drive varying levels of fidelity are discussed in detail. The
follow ng section exam nes research sinulator fidelity requirenments
in general, and discusses the conflicting trains of thought in the
simul ati on community regarding the level of fidelity necessary to
obtain significant results. The fourth section exam nes genera
fidelity requirenents for research sinulators and di scusses the
advant ages and correspondi ng di sadvant ages associated with different
level s of sinmulator fidelity.

The | ast major section (Human Factors Research Fidelity Concerns)

| ooks at the fidelity characteristics of the two main types of human
factors simulation research, full-mssion and part-task, and exani nes
what type of performance neasures should be evaluated in each. Al so,
the type of simulation devices to be utilized for conducting full-

m ssion and part-task simulation research are discussed.

Furthernore, recomendations for specific types of sinulation devices
that can be used for various research objectives is provided in this
section. Finally, the |l ast section of the report will provide
recommendati ons for future research to further investigate the
construct of fidelity and its significance and influence on
conducting human factors sinulation research studies.

2.  SIMULATED EXPERI MENTAL RESEARCH DEVI CES.

The use of sinulation is an extrenely inportant resource for nost

avi ation human factors research and devel opnent prograns. Sinmulation
provi des an early opportunity to bring experienced flight crews into
the aviation human factors design process to assess and insure, in
particul ar, proper man/ machi ne interfaces and workload levels. In
this manner these flight crews are able to contribute to contro



system design and flight deck |layout and to the integration/operation
of conpl ex subsystens, like an integrated Flight Managenent System
(FMB). Also, research and devel opnent sinulators can provide a neans
of evaluating the |ikely behavior and consequences arising from
abnormal operating configurations.

In terns of equipnment, research and devel opnent sinul ated devices run
the full spectrumfrom conputer-based flight sinulators, to desktop
part-task sinmulators, and ultimately to full-m ssion, 6 Degrees of
Freedom (DOF) flight sinmulators with full out-the-w ndow vi sua
systens. The ever-increasing enphasis on the utility of research and
devel opnent devices is evident by the significant increase of this
type of equi pnent appearing across the world in governnent

| aboratories, universities, and civilian industries.

Avi ation sinulation used for research includes nunerous different
types of devices distinguished by technical capabilities and capital
investnment required. For this analysis of fidelity requirenents,
three categories will be defined to enconpass all aviation sinulated
research devices: (1) Airplane Sinmulator, (2) Arplane Flight
Trai ni ng Device, and (3) Conputer-Based Sinulator. Throughout the
remai nder of this docunment, the general term*®“simulator” will be used
to refer to all three categories of simulation devices, unless

ot herwi se specified. Wthin these broad categories of devices there
is further distinction based on their associated | evel of objective
fidelity (physical realismto the real world). For exanple, the FAA
has published two separate FAA Advisory Grculars (AC), FAA-AC 120-
40B and FAA- AC-120-45A, that contain training qualification

requi rements for airplane sinmulators and airplane flight training
devi ces, respectively, and classify these devices in terns of
objective fidelity. Sinulator classification by objective fidelity
sets a basis fromwhich the training community can identify the
specific simulation device that is optimzed for their needs (Prasad,
et al., 1991). A definition and detail ed description of the various

| evel s of sinulation capability for each category of sinulation
device is described bel ow.

2.1 A RPLANE S| MULATOR

An airplane sinmulator is a full size replica of a specific type of
make, nodel, and series airplane cockpit (e.g., Boeing 727-200 or M
80-20), including the assenbl age of equi pment and conputer software
prograns necessary to represent the airplane in ground and flight
operations, a visual system providing an out-of-the-cockpit view, a
force (notion) cueing system which provides cues at |east equival ent
to that of a 3 DOF notion system and is in conpliance with the

m ni mrum st andards specified in FAA Advisory Circul ar 120-40B, as
amended in July 1991. A functional description for each of the four
| evel s of airplane sinmulators are given below. Differences in each
simulator's description, as the |l evel of sophistication increases
fromLevel Ato Level D, are listed bel ow.

Level A Flight Sinmulator



Functional Description

a. Systens representations, switches, and controls which are
required by the type.

b. Design of the aircraft and by the user's approved training
progr am

c. Systens which respond appropriately and accurately to the
switches and controls of the aircraft being sinulated.

d. Full-scale replication of the cockpit of the aircraft being
si mul at ed.

e. Correct sinulation of the aerodynam c characteristics of the
aircraft being sinulated.

f. Correct sinmulation of the effects of the sel ected
envi ronmental conditions which the sinulated aircraft m ght
encount er.
g. Control forces and travel which correspond to the aircraft.

h. Instructor controls and seat.

i. At least a night visual systemw th at |east a 45° horizonta
by 30° vertical field of view for each pilot station.

j. A notion systemw th at |east 3 DOF
Level B Flight Sinmulator

Functional Description

a. Systens representations, swtches, and controls which are
required by the type design of the aircraft and by the user's
approved training program

b. Systens which respond appropriately and accurately to the
switches and controls of the aircraft being sinulated.

c. Full-scale replication of the cockpit of the aircraft being
si mul at ed.

d. Correct sinulation of the aerodynam c characteristics
i ncludi ng ground effect, and ground dynami c characteristics of the
aircraft being sinulated.

e. Correct sinulation of the effects of the selected
envi ronnmental conditions which the sinulated aircraft m ght
encount er.

f. Control forces and travel which correspond to the aircraft.



g. Instructor controls and seat.

h. At least a night visual systemw th at |east a 45° horizonta
by 30° vertical field of view for each pilot station.

i. Anotion systemwith at |east 3 DOF
Level C Flight Sinmulator

Functional Description

a. Systens representations, switches, and controls which are
required by the type.

b. Design of the aircraft and by the user's approved training
progr am

c. Systens which respond appropriately and accurately to the
switches and controls of the aircraft being sinulated.

d. Full-scale replication of the cockpit of the aircraft being
si mul at ed.

e. Correct sinulation of the aerodynam c characteristics
i ncludi ng ground effect, and ground dynam c characteristics of the
aircraft being sinulated.

f. Correct sinmulation of the effects of the sel ected
envi ronmental conditions which the sinulated aircraft m ght
encount er .

g. Control forces and travel which correspond to the aircraft.

h. Instructor controls and seat.

i. At least a night and dusk visual systemw th at |east a 75°
hori zontal by 30° vertical field of view for each pilot station.

j. A notion systemwi th at | east 6 DOF
Level D Flight Sinmulator

Functional Description

a. Systens representations, switches, and controls which are
required by the type design of the aircraft and by the user's
approved training program

b. Systens which respond appropriately and accurately to the
switches and controls of the aircraft being sinulated.



c. Full-scale replication of the cockpit of the aircraft being
si mul at ed.

d. Correct sinulation of the aerodynami c characteristics
i ncludi ng ground effect, and ground dynami c characteristics of the
aircraft being sinulated.

e. Correct sinulation of selected environnmental affected
aerodynam c and ground dynam c characteristics of the aircraft being
simul ated considering the full range of its flight envel ope in al
approved configurations.

d. Control forces, dynamc, and travel which correspond to the
aircraft instructor controls and seat.

e. A daylight, dusk, and night visual systemwith at |east a 75°
hori zontal by 30° vertical field of view for each pilot station.

f. A notion systemwith at | east 6 DOF.

2.2 AIRPLANE FLI GHT TRAI NI NG DEVI CE

An airplane flight training device is a full-scale replica of an
airplane's instrunents, equi pnent, panels, and controls in an open
flight deck area or an encl osed airplane cockpit. Flight training
devi ces al so include the assenbl age of equi pnent and conputer

sof tware progranms necessary to represent the airplane in ground and
flight conditions to the extent of the systens installed in the
device. A force (notion) cueing or visual systemis not required.

It must neet the criteria outlined in FAA Advisory Circul ar, FAA-AC
120- 45A, as amended in February 1992, for a specific flight training
devi ce | evel

In coordination with various entities within the aviation industry,

t he FAA has defined seven levels of flight training devices, Level 1
t hrough Level 7. Level 1 is currently reserved. Levels 2 and 3 are
generic in that they are representative of no specific airplane
cockpit and do not require reference to a specific airplane. Levels
4 through 7 represent a specific cockpit for the airplane
represented. Wthin a specific category, each higher level of flight
training device is progressively nore conpl ex. Because of the
increase in conplexity and nore demandi ng standards when progressing
fromLevel 2 to Level 7, there is a continuum of technica
capabilities across those levels. For a nore detailed description of
the different levels of flight training devices, a table of m ninmum
standards (from FAA- AC-120-45A) for each level is presented in
appendi x A.

2.3 COWPUTER- BASED SI MULATI ON DEVI CE

A conput er-based sinul ation device is a mcroconputer that utilizes a
cat hode-ray tube (CRT) display, keyboard, and joysticks to sinulate
t he operational aspects of the flight deck environment. These



simul ati on devices usually contain a rough nodel of aircraft

dynami cs, displays to represent cockpit instrunents, and joysticks to
control pitch, roll, and thrust. Al so, a keyboard is used to contro
avionics, aircraft configuration (gear, flaps, and spoilers), and
subsystens (electrical, hydraulic, etc.). ldeally, these conputer-
based sinulation devices will permt systematic interaction between
subj ect and device, provide appropriate feedback, and automatically
record a subject's performance.

The increase in utilization of conputer-based sinulation devices is a
direct result of the advancenents in mcroconputer technology. New

t echnol ogy has made extrenely fast, high-resolution graphics
available at a | ow cost. A conbination of these graphics
capabilities and the sophisticated flight simulators now being

desi gned for the m croconputer, has provided an i nexpensive nmeans of

i ncorporating some of the activities perfornmed by a pilot into the
research setting (Shappell and Bartosh, 1991). The possibility of
obt ai ni ng experinental control and a |evel of external validity for
associ ated cognitive tasks is a benefit of m croconputer-sinulation
experimental research. Conputer-based simnulation devices range from
sinmple interactive software representati ons of the out-the-w ndow
flight environment, to conplex nultidisplay devices capabl e of
representing every conponent normally found within an aircraft
cockpit. This level of variability, in terns of sophistication, has
deterred any efforts to classify conputer-based simnulation devices in
t he same manner as was introduced for airplane simulators and
airplane flight training devices.

2.4 SUWARY.

The use of sinulation for research is concerned with other issues in
addition to physical realism such as the |level of realismperceived
by the pilot (perceptual fidelity), and therefore can not be
classified in accordance to the specifications outlined above. This
| ack of classification for research sinulation devices has lead to
confusi on when specifying what type of sinmulation is necessary for a
particul ar research task, and is the major reason for performng this
analysis of fidelity requirenents for sinulation research

The increased i nportance of the aforenentioned sinulation devices is
due to a variety of factors, including cost and tinme savings that can
be realized, the ability to reproduce and exam ne situations that
woul d be unsafe using actual equipnment, and the control and

nmeasur enment of human- machi ne performance. Additional inpetus has
been provided by the trenmendous technol ogi cal advances in conputer
software and hardware capabilities being incorporated into these

devi ces. These robust capabilities are being obtained at the expense
of increased devel opnental, operational, and mai ntenance costs. This
i ncreased cost has caused flight sinulator users to | ook closely at
the simulator requirenments necessary to effectively performtheir
tasks, and then invest enough resources to obtain a simulation device
that nmeets their specified needs. The renainder of this docunent

will discuss sinulation requirements in terns of fidelity and how to
determ ne what requirenents are necessary for a specific task



3.  SI MULATI ON FI DELITY.

The concept of fidelity relates to the degree to which the
characteristics of a flight sinmulator match those of the rea
airplane. The issue of sinmulator fidelity has been di scussed and
studi ed for over 30 years, and there is still no agreed upon single
definition. During this tinme, the termhas been used in a variety of
ways and to refer to many different aspects of sinulation. Attenpts
to make the terml ess vague have caused nunbers of definitions to
proliferate. Lane and Al luisi (1992) indicated that at |east 22
different definitions have to be used in the literature to refer to
different kinds of fidelity. A representative sanple of the
different kinds of fidelity includes such things as: equi pnent
fidelity, environmental fidelity, psychological fidelity, task
fidelity, physical fidelity, functional fidelity, and so on (Allen,
Buf fardi & Hays, 1991). Each of these kinds of fidelity could be
appropriate for a particular application, but each are not

i ndividually applicable to overall aircraft sinulation in general. A
conmon thread, however, is that together they inply at |east two
maj or features or dinensions along which these sinmul ated devi ces may
differ fromactual equipnent.

These two features, as defined by the Advisory G oup for Aerospace
Research & Desi (AGARD) in 1980, represent the division of a
simulator into two cl asses depending on the nature of the cues they
provi de.

a. Equi pnment cues provide a duplication of the appearance and
feel of the operational equipnment (the aircraft), i.e., the static
and internal dynam c characteristics such as the size, shape,
| ocation, and color of controls and displays, including controller
force and di spl acenent characteristics.

b. Environment cues provide a duplication of environnent and
notion through the environnent.

Fidelity is then a function of the degree to which the equi pnrent and
environmental cues relate to those of the real airplane. A

di stinction between the real cues, neasured objectively, and the cues
the pilot subjectively experiences, provides the follow ng
definitions for two types of fidelity (AGARD, 1980):

a. pjective Fidelity provides an engineering standard and is
the degree to which a sinulator woul d be observed to reproduce its
real -l1ife counterpart aircraft, in flight, if its form substance,
and behavi or were sensed and recorded by a nonphysi ol ogi ca
i nstrunmentati on system onboard the simulator. By including both
equi pnent and environnmental cues, this definition can enconpass al
pertinent dynam c cue tim ng and synchronizati on aspects of sinulator
fidelity.

b. Perceptual Fidelity provides a psychol ogi cal/ physi ol ogica
standard and is the degree to which the flight crew subjectively



percei ves the sinulator to reproduce its real-life counterpart
aircraft, in flight, in the operational task situation. The

requi rement that the operational equi pnent be considered in the
context of the task situation ensures that not only cue tim ng and
synchroni zation, but also cue priority effects, are taken into
account .

Anong the various categories of simulators, there is a tradeoff

bet ween equi prent and environnental cue fidelity required. The

physi cal correspondence between sinulator and airplane in ternms of
cockpit layout, flight instrunents, controls, etc., for training
simul ators should result in high equipnment cue fidelity to advocate a
hi gh degree of transfer of training to the operational environnment.
On the other hand, research and devel oprment sinulators should pl ace
nore enphasi s on high environnental cue fidelity. Environnmenta

cues, by definition, provide duplication of the operational aircraft

environment and notion, and thus will result in a higher degree of
real i sm bei ng experienced by the subjects. This perceived realism
will result in subject performance nore closely matching that which

woul d occur in the real world. Figure 1 shows the requirenents for
equi pnent and environnmental cue fidelity (AGARD, 1980).

Wthin the types of simulators indicated in figure 1, the |evels of
fidelity can vary greatly. For exanple, having cockpit crew
coordination as the sinmulation task, a work station can be defined as
arelatively low fidelity research sinulator. Yet, another research
simul ator, such as those found at the Crew Stati on Research and

Devel opment Facility (CRSDF) |ocated at NASA- Anres, certainly have a
hi gher | evel of fidelity for evaluating the same task. Thus, for a
speci fied research task, the user nust be able to determne fidelity
requi rements. Failure to properly determ ne these requirenents can
result in (1) unsatisfactory results due to |ack of fidelity, or (2)
satisfactory results but at prem um cost (suboptim zation) (Prasad et
al., 1991). The problemnow is how to define specific fidelity

requi rements for a simulation task



SIMULATORS

CLASS ROO
AIDS

LOwW ENVIRONMENTAL CUE FIDELITY HIGH

FI GURE 1. REQUI REMENT FOR EQUI PMENT AND ENVI RONVENTAL
CUE FI DELI TY ( FROM AGARD, 1980)

3.1 FIDELITY DRI VERS

The previous section discussed the concept of sinulator fidelity and
introduced its two nost inportant conmponents; objective and
perceptual fidelity. Al so, enphasis was put on the need to specify
fidelity requirenents. These requirenments can be obtained by basing
deci sions on the configuration of the sinulation systemand the
systematic rational exam nation of how the specific sinulationis to
be used (Lane & Alluisi, 1992). 1In that context, generalities about
the pros and cons of high and low fidelity are not very hel pful.
Therefore, Lane and Al luisi (1992), devel oped four key di nensions or
fidelity drivers to be used for the exam nation of sinulation

requi rements. The four key fidelity drivers are identified and

di scussed bel ow.

a. Mssion(s) or Mssion Segnent to be Sinulated - For realistic
practice or evaluations to occur, the systemnust be used to perform
some mssion. A researcher may wish to sinulate all m ssion phases
or (frequently) only selected segnents of a mission. The segnents
that are included in the sinulation will dictate the specific tasks
to be performed by the operator, the system conponents involved in
perform ng these tasks, and thus the simnulation conponents on which
fidelity should be focused.

b. Objectives of the Sinulation - A sinmulation is intended (1)
to provide practice on specific skills, (2) to reinforce acquisition
and use of job-relevant know edge, or (3) to evaluate a systemor a
new concept. These potential objectives can be described in terns of
broad cl asses of basic operator activities that the sinulation does
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or does not need to support. The fidelity required to neet specific
obj ectives woul d be based on the extent to which each of the
identified activities that occur within a m ssion segnent nust be
supported by the sinulation, and in what detail

c. Fidelity D nmensions - The di nensions on which fidelity can be
exam ned and eval uated can be grouped into three general classes:
there are dinmensions that show and descri be the attributes of (1)
the simulator, (2) the operator, and (3) the processes or events
external to the sinmulator itself. The first class of attributes
describes the sinulated systemitself, and the fidelity concerns are
t hose that address the operator's equipnent and its i medi ate
environment--the | ook and feel that are a result of the physical,
sensory, and perceptual variables enployed. The second cl ass of
attributes are drivers that determne the specific tasks to be
performed by the operator and the task | oadi ng under which the
operator will work. These drivers are external to the system -what
the operator does in the sinmulation is determ ned by how the
simul ated systemis used. The third class of fidelity attributes are
concerned with the external processes that generally arise fromthe
dynam cs of system participation in a variety of interactive events.
Each of these attributes and characteristics defines a dinmension of
fidelity, and each requires decisions about the level of fidelity at
which that attribute will be represented for a conmponent of the
simulation within the context defined by the m ssions and objectives
of the sinulation.

d. Sinmulation Conponents - The execution of sinulation requires
t he presence of numerous individual conmponents. These conponents are
subdi vided into | ocal and gl obal sets. Local conponents are part of
the simulator and its inmredi ate environnment; they have roughly the
same characteristics as the three classes of fidelity dinmensions
defi ned above. G obal conponents are defined by the externa
processes and environments with which the | ocal conponents interact.
The inmportance of breaking down a sinulation into its building bl ocks
is that it is about these individual components that fidelity
requi rement deci sions nust be made.

These four drivers of fidelity constitute four dinmensions on which
any given simulation can be anal yzed (Lane & Alluisi, 1992). The
ultimate objective is to determ ne, for each conponent, on each
fidelity dinmension, the degree of fidelity required to support the
i ntended uses of the sinulation.

3.2 FIDELITY OF SI MULATI ON DEVI CE SUBSYSTEMS

The basic type of characteristics that drive sinmulator fidelity
requi rements have been outlined. However, definitions still do not
exi st for the specific physical conponents of a sinulator to analyze
when determning fidelity requirenents. Prasad et al., (1991)
performed a survey of simulation devices and existing technol ogi es
and determ ned that there are generally ten subsystens, shown in
table 1., which adequately describe a given sinulator. Table 2
describes fidelity characteristics.
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TABLE 1. SI MULATOR SUBSYSTEMS

(1) Cockpit (6) Environnent

(2) Audio (7) Gound Handl i ng
(3) Motion (8) M ssion Equi pnent
(4) Control System (9) System Latency
(5) Math Model (10) Visual

TABLE 2. LEVELS OF FIDELI TY CHARACTERI STI CS FOR SI MULATOR
SUBSYSTEMS

ISI MULATOR SUBSYSTEM FI DELI TY CHARACTERI STI CS

(1) Cockpit/Crew Station - none
- simul ated/ generic type instrunments
- partially sinmulated cockpit
- full up crew station

(2) Audio - none
- significant cockpit sounds
- incidental sounds (precip., etc...)
- realistic

(3) Mdtion - none
- 2DOF (pitch and roll)
- 3DOF (pitch, roll, and yaw)
- 6DOF

(4) Control System - no force feel
- constant force (spring/danper)
- partial duplication of actual force
- conpl ete duplication

(5) Mathematical Model - none
- 3 DOF
- 6 DOF
- 6 DOF with rotor

(6) Environnent - clean air
- discrete gusts
- first order filtered turbul ence
- rotationally sanpl ed turbul ence

(7) Gound Handling - no gear
- rigid gear
- sinplified gear nodel
- conpr ehensi ve

(8) M ssion Equi pnent - none
- communi cation only
- conmmuni cati on/ navi gati on only
- conpl ete

(9) System Latency - non real tinme (off line)
- significant del ay
- mnimal del ay
- real tine

(10) Visual field of view dynam c range det ai |
wor kst ati on day | ow

75°hori z/ 35°vert dusk medi um

90°hori z/ 40°vert haze/fog hi gh
wi der ni ght very high

For each subsystem it is possible to associate a |evel of objective
fidelity with the degree of equipnent/software sophistication. For
exanple, a sinmulator with day, night, and dusk visual capability with a
wide field of view can be associated with high fidelity, while a
simulator with just night visual capability can be associated with | ow
fidelity. This association between fidelity and the subsystens defines
fidelity characteristics; this can provide the necessary information for
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determ ning actual sinulator characteristics needed to obtain a certain
| evel of fidelity. Listed below are the fidelity characteristics (rank
order; none to high) of the sinulator subsystens that span the spectrum
of fidelity (Prasad et al., 1991).

Because of the extensive use of flight sinulators as both training and
engi neering eval uati on devices, considerable effort has been devoted to
determ ning the differences that exist between the simnulation and in-
flight environment. The information provided in the table gives a
description of sinulator fidelity and how the sinmul ator conponents vary
in levels of fidelity.

4. RESEARCH SI MJLATOR FI DELI TY REQUI REMENTS.

Up to this point, this docunent has introduced the various types of

avi ation sinulation research devices and descri bed the concept of
simulator fidelity. This information can be used to determ ne how to
mani pul ate sinmulator fidelity and how various sinulator characteristics
affect fidelity, but no recomendations for sinulator fidelity

requi rements necessary to achieve a desired research goal have been
introduced. This section will exam ne general fidelity requirenments for
experimental simulation research

The essential feature of sinmulator experinmental investigations is to
introduce the pilots into a closed | oop control situation, so that
account is taken of their capabilities and limtations regarding the

per f ormance neasure being evaluated. The expectation is that within the
bounds of the experinmental conditions, behavior in the simulator wll
match their behavior in the flight situation. Hence, the primary goa
for a flight simulation researcher is to produce experinmental conditions
that elicit behavior that would occur under simlar circunstances in the
real world. The ultimte consideration is performance in the real world
(Ol ady, Hennessy, Obermayer, Vreuls & Murphy, 1988). This experinenta
construct for human factors research was alluded to by David Mei ster
(1985) when he wote:

...the purpose of ergonom c/human factors is to descri be,
anal yze, neasure, predict, and control the real world of systens
functioning operationally (i.e., not under experinental control).

This statenent results in further direction for human factors
researchers, again in the words of Meister (1985):

...in consequence, the ideal environnment in which to gather data
is the operational environnent. |t may be necessary for various reasons
to measure in sone environnment other than the real world, such as a
| aboratory or a simulator, but in such cases the conclusions derived from
the data nust be verified in the operational environnment.

Mei ster's comments nust al ways be consi dered during the determ nation of
fidelity requirenents for sinulated research. Regardless of the |evel of
fidelity and how accurately it was determ ned to neet the goals of the
research, no simnulator evaluation can conpletely duplicate the experience

13



in the real world. Therefore, any results should be verified
operationally before definite conclusions can be nade.

4.1 DETERM NI NG FI DELI TY REQUI REMENTS.

Fidelity, as defined earlier, is a nultifaceted concept and i s dependent
on a variety of different sinulator conponents. Also, fidelity is
presently a netric-free construct with no agreed upon neasurenent scale
on which the fidelity of a specific sinmulation can be |ocated and

assi gned a nunerical value (Lane & Alluisi, 1992). Furthernore, the
requirements for fidelity change fromone research effort to another
dependi ng on what type of experinental study (part-task, full-m ssion,
etc.) is being inplenented or the types of neasures being exam ned. These
aspects of sinulator fidelity support the general claimwthin the

simul ati on community that fidelity requirenents cannot be determ ned in
general for various types of sinulations and that they are dependent on

the specific objective the sinmulation is intended to acconplish. |If
deci sion making skills and tactics are being eval uated, then high
fidelity in vehicle handling characteristics are not critical. On the

other hand, if primary interest is in the exam nation of manual -contro
skills, the answer is obviously different.

When pl anni ng human factors research, the required characteristics and
features of the research vehicle are prom nent issues of consideration in
t he goal of choosing the right sinulator for the planned research
investigation. Olady et al., (1988) specified two principal factors in
determ ning the choice of research vehicle (1) the type of research
required by the problem and (2) know edge of the factors that influence
t he behavioral processes of interest. The type of research dictates the
| evel of representation that the research vehicle nust have. Know edge
of the factors which influence the behavioral processes determ ne how
conprehensi vely the research vehicle nust represent an operational system
and its associated situational condition. Together, these features are
commonly thought of as the fidelity of the research vehicle.

Practical, as well as scientific, considerations help determ ne the
characteristics of a sinulator used for research. |In general, high
fidelity representations of real-world situations incur costs that are
proportional to the conprehensiveness and conplexity of the research
project. Hence, a conflict arises between the real-world conplexity of
t he operational tasks and the need for econony of the research effort. A
second conflict arises between the need to elicit behavior that is
equivalent to the real world, and the need to have experinental contro
to mnimze variability necessary to make reliable and statistically
significant conclusions. The goal of a sinulation experinent design
nmet hodol ogy is to determ ne a reasonabl e bal ance between these
conflicting experinmental demands.

Advancenents in sinulation technology are enabling nearly realistic
environments to be utilized in experinental research. These
acconpl i shnments are providing continuing support towards the historica
goal of designing a sinulator to be equivalent to an actual aircraft.
The view expressed by many in the sinmulation community is that the
useful ness of a sinulator should only be equated to its degree of
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realism For research, the basic assunption is that the nore faithful
the simulation of real-world stinuli, the interfaces between individua
crew nenbers, the systens they control, and the systens that influence
and regul ate their behavior, the nore likely it is that the behavior
achieved in the experinment will be the behavior that woul d be produced
under simlar circunstances in the operational environment (Ol ady et
al ., 1988).

A high level of fidelity has another advantage when used in research
simulations. It increases the face validity of the experinent in the eyes
of both the participants in the experinment and in the potential users of
the research (Olady et al., 1988). Face validity, or an apparent high

| evel of real-world representation, in a sinulation will allow the users
in the aviation community to have nore confidence in the experinenta
resul ts.

When considering levels of fidelity for research it is often assuned that
high fidelity is never a disadvantage, as is apparent in the phil osophy
stated by O Hare and Roscoe (1990) as: "If you're not sure what's

i mportant, play safe and buy the nost fidelity possible; surely something
will work.” There are, however, research as well as practical reasons
not always to strive for maximnumfidelity. In general, high fidelity

i mplies a conprehensive representation of the real world. Furthernore,

it provides an opportunity for unknown, extraneous factors to influence
behavi or, and gives subjects an opportunity to choose behaviora
alternatives that may be beyond the research scope of interest. These
potential consequences of high fidelity simulation contradict the two
basi c principles of behavioral research, as stated by Olady et al.

1988, which are (1) maintain control of the research situation, and (2)
to account for the factors which influenced the observed behavi or.
Unnecessarily high levels of fidelity can conplicate the study and hi nder
the researcher's ability to investigate a specific research issue. The
effects of high fidelity can often show up as variability in the data and
reduce the sensitivity of the performance neasures as well as the
reliability of their val ues.

However, it over sinplifies the issue to say that a simulation should
have all, but no nore than, those characteristics that directly affect

t he behavior being examned. This is an ideal goal, but one that rarely
can be achi eved. Researchers too often include irrelevant capabilities
into a sinmulation in an effort to increase fidelity. Attention should be
given to mmintaining control of the experinmental situation, and the
variability in subject behavior and performance that mght result because
of the presence of extraneous factors.

I n conclusion, the concept of sinulation fidelity, although in w despread
use, is difficult to quantify, especially for research sinmulators.
Additionally, the anmount of research available that investigates fidelity
requi rements for research sinulators is not abundant, and no rea

gui del i nes have ever been agreed upon by sinulator researchers. G ven
this lack of significant research in the area and no generally accepted
consensus, it is difficult to determ ne specific fidelity requirenments
for research applications. To reiterate, simulation fidelity
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requi rements are dependent specifically on what the sinulator is to be
used for.

5.  HUMAN FACTORS RESEARCH FI DELI TY CONCERNS

Simul ation researchers are faced with the many probl ens, considerations,
and conflicting issues relating to the determ nation of fidelity

requi rements for a simulation research effort. As nentioned throughout
this docunent, fidelity is a nultivariant construct with no consensus
anong researchers of a single index of nmeasurenent or definition.
Furthernore, the associated benefits of using both high and | ow | evel s of
fidelity for aviation experinental research has been shown. @Gven the
degree of differences and difficulties relating to sinmulator fidelity,
specific guidelines for various types of experinmental research are not
presently avail able. However, general conclusions can be made regardi ng
how varying levels of fidelity can effect the outcone of different types
of experinments.

This section will define the major types of experinmental research studies
performed in sinmulators, and introduce the fidelity concerns associ at ed
with each. Also, the types of performance nmeasures that can be reliably
investigated in research simulations are discussed. Finally,
recommendati ons based on the information provided herein are given for
specific types of simnulation devices that can be used for various
research objectives.

Bef ore enbarking on this introduction and di scussi on of experinenta

study types and their respective fidelity concerns, a general assunption
of fidelity for research sinulators nust be presented. Research

simul ators as a whol e demand high levels of fidelity due to their overal
obj ective of observing behavior. Research needs are nore rigorous and
fidelity requirenents are nore strict so that researchers can observe
behavi or as close to the operational environnent as possible. Deviations
fromthe behavi or being studied provide variance that can confound
analysis. This high level of fidelity assunption is not all enconpassing
for research sinmulators. There are, as nentioned earlier, several

i nstances where a high level of fidelity can be a di sadvantage, and these
research issues will be discussed later. But, the mpjority of
information regarding fidelity requirenents for experinmental research
studi es addresses issues pertaining to high fidelity research devices.

5.1 SI MULATI ON RESEARCH STUDY TYPES.

Experinental research studies perforned using a sinulation device
generally fall into two categories, full-mssion and part-task. Full-

m ssi on studi es exam ne behavior in the full context of the aviation
environment, while part-task studi es concentrate on the behavior relating
to a specific task or function. Wthin these two categories there are

di stinct study types that are distinguished by the conplexity of their

obj ectives or the type of sinulation device used for investigation.

Ful | -M ssion Studies
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The basic idea of full-mssion relates to performng a research study
with the nost realistic sinulation possible. Full-mssion sinulation, as
stated by Olady et al., (1988), includes all of the stinuli presented to
the flight crew It includes the aircraft cockpit, visual and notion
cues, aircraft flight dynamcs, all of the aircraft subsystens, the
flight environment (including air traffic control (ATC), weather, and
other air or ground vehicular traffic), the cabin crew, and all ancillary
flight services (such as dispatch, ranp passenger services, and

mai nt enance) .

A full-mssion simulation study can invol ve nunerous sinulators in the
same study environment connected together over a network, known as an
Interactive Mssion Scenario (Prasad et al., 1991). Al so, a full-mssion
simul ati on that exam nes behavi or over an entire flight frompreflight
checklist to parking at the gate is considered an end-to-end sinulation
experimental study.

G ven the above definition of full-mssion simulation and the types of
experimental studies nmentioned that utilize this technique, it can be
accurately stated that only airplane sinmulators, as defined in section
2., can be used for full-mssion simulation applications. The airplane
simulators are the only sinulation devices that specify visual and notion
characteristics by definition, and these capabilities are definitely
necessary when conducting full-mssion sinulation research. The overal
fidelity associated with the full-mssion sinmulation is related to what
level (A, B, C, or D of airplane sinmulators is used in the study. A
main fidelity issue of concern in full-mssion sinulation is the pil ot
subj ects desire for scenario fidelity. Pilots generally do not accept
devi ati ons from operational practice unless it is specified at the

begi nning of the simulation. Pilots experiencing negative user
acceptance cues are nore likely not to elicit the sane behavior as they
m ght in the real world.

The full-mssion sinulation type of devices can be used to investigate
cognitive tasks in the context of the nmultitask, conplex operation of
flying an airplane. Al so, nuch of the research perforned using full-

m ssion sinmulation focuses on cockpit instrunmentation, crew procedures,
and wor kl oad neasurenent. Topics of investigation include how decisions
made in the cockpit are affected by environnental and hardware
difficulties as well as by the availability of information from ATC and
other aircraft, how errors are made, and the effects of automation,
fatigue, and advanced instrunentation of human performance (Jones,
Hennessy, and Deutsch, 1985).

Olady et al., (1988) indicated four principal reasons for doing full-
m ssi on simul ati on:

1. To resolve a collection of related problens - if there is a
series of part-task evaluations planned, it may be nore econonmical to
group themtogether in a conprehensive study.

2. Wien the focus of interest is on |long duration or infrequent

events and effects - behavior under fatigue and responses to rare
enmergencies as a function of tine are obvious exanpl es.
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3. Subtle interactions may influence the behavior of interest -
results of a crew coordination, vigilance, judgnent, or resource
managenent study are likely to be adversely affected if the sinmulation is
not physically conprehensive and realistic, or if scenario is too short.

4. To eval uate performance of people and/or equi pnment that occurs
during a series of transitions fromone flight phase of operation to
anot her.

These capabilities of full-m ssion sinulation show the inportance this
techni que has within human factors sinulation research. However, there
may be types of studies which can be acconplished nore efficiently using
ot her research nmethods with lower-fidelity simulation devices. The
problemis that researchers are unsure about the level of fidelity
necessary, and too often elect the safer route of full-mssion sinulation
with high fidelity.

Part - Task Studies

The concept of a part-task study is to investigate a perfornmance neasure
in response to a specific manipulated task or function. Part-task

simul ation is characterized by a functional representation of a specific
subsystem These types of sinulation devices isolate a single critica
function for evaluation in terns of pilot behavior. For exanple, a part-
task study may only evaluate specific instrunments, displays, operationa
procedures, or controls found in the cockpit. The benefit of part-task
simulation is derived fromthe view that the eval uation of smaller
conponent tasks is nore acceptable for experinmental testing and
statistical analysis and nore objective information regarding performance
can be obtained. However, what part-task simulation may gain in
experinmental control, it lacks in external validity, i.e., accurate
representation of the real world.

Part-task sinulation is appropriate for research when there is no reason
to suspect behavior will be influenced by secondary contextua
circunstances (Olady et al., 1988). Basically, studies |ooking at human
performance on a specific individual task (reaction tinme, accuracy,

etc.), or functional problens inherent to a task or condition can be

eval uated using part-task simulation. Furthernore, as stated earlier,
extraneous factors may add unwanted variance to the particul ar probl em
bei ng resear ched.

Devi ces used for part-task studi es range from cardboard cutouts
representing cockpit displays, to the nost sophisticated flight training
device. Also, the technol ogy advancenents in m croconputer graphics is
resulting in an increased utilization for part-task research. Conputer-
based sinulators can present real-life replicas of cockpit displays and
al | ow subjects to interact with the cockpit as they would during norma
operations. The fidelity characteristics of part-task sinulations are
related to the graphics capability of the m croconputer and the |evel of
flight training device 1-7, as defined earlier, being used in the
research. Sonme part-task research requires only mnimal real-world
fidelity and limted, but highly specialized expertise with regards to
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subj ect capabilities. Oher kinds of part-task research m ght demand
only a sinple scenario to investigate a fundanental decision process, but
l[ittle in the way of a real cockpit or visual system

5.2 SI MULATI ON RESEARCH FI DELI TY RECOVMENDATI ONS.

As nentioned throughout this docunent, there are no specific guidelines
for determning sinmulator fidelity requirenents for human factors
research. Fidelity is dependent on the individual goal and area of
investigation for a research study. However, general capabilities and
[imtations of various simulation devices and their associated |evels of
fidelity can be summarized. This section conbines the pertinent
information found in this analysis regarding research sinulation device
specifications, fidelity requirenments for research, and the
characteristics of the different types of experinmental research
simul ati on techniques. This information is used to summari ze sone
general recommendati ons concerning the levels of fidelity necessary to
properly conduct human factors simnulation research.

Ful | -M ssion Studies

When investigating proper fidelity levels for full-m ssion sinulation
studi es a researcher would generally desire the highest level of fidelity
avail able. Full-m ssion simulation, by definition, requires all stimul
present in the operational environment and it has been shown that the
nore the sinulator characteristics match those of the real world, the
nore subj ect behavi or matches actual behavi or that woul d occur
operationally.

Full -m ssion sinulation can be used to investigate cognitive tasks in the
context of the multitask, conplex operation of flying an airplane.
Specifically, full-mssion sinulation human factors research focuses on
cockpit instrunentation, crew procedures, and workl oad neasurenent.
Furthernore, topics concerning how decisions made in the cockpit are
affected by environnental and hardware difficulties, how errors are nade,
and the effects of automation, fatigue, and advanced instrunentati on on
human performance can be investigated using full-mssion sinulation.

Addi tional uses of and reasons for utilizing full-mssion sinulation were
menti oned earlier.

The restriction that full-mssion sinulation only be perfornmed using
flight simulators narrows the issue of determ ning an adequate sinmulation
device, but there still is the varying level of fidelity anong the four

| evel s of airplane simulators. Full-mssion sinulation can be perforned
in any level simulator A through D, given their respective
characteristics and capabilities. However, as the |evel of sinulator
fidelity increases, there is also an increase in the capital investnent
required to performthe research. Therefore, a tradeoff exists between
the desire to performresearch as econom cally as possible, and the need
to obtain valid results that represent behavior in the operationa
environment. In any event, the higher the |level of sinmulator fidelity
utilized in a full-mssion sinulation research study, the nore accurately
a researcher can make generalizations about behavior in the real world.
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This rule of thunb for full-mssion sinulation research studies is a
general recommendation associated with the utilization of different

| evel s of sinmulators. Specific guidelines for mnimumfidelity

requi rements that may vary fromone | evel of sinulator to another
dependi ng on the objective of the full-mssion sinulation research cannot
be accurately determ ned, as alluded to throughout this docunent. The
only guideline available for full-mssion sinmulation is that the research
results becone nore generalizable as the level of fidelity increases.

Part - Task Studies

Determning of fidelity requirenments for part-task sinulations is nore
difficult and therefore nore conplicated than the general rule presented
for full-mssion sinulations. In general, part-task studies investigate
a dependent performance neasure in response to a specific manipul ated
task. Consequently, part-task simnulations are appropriate to neasure
performance on a specific task when no other conditions are believed to
i nfl uence behavior. For exanple, if a researcher is interested in
measuri ng human performance on an individual dependent task such as
reaction tinme or accuracy, a part-task study would allow the behavior to
be neasured individually with no other conflicting factors influencing
behavi or.

Part-task sinulations can utilize a wide variety of simnulation devices
such as: mcroconputer sinulation devices, lowfidelity desktop training
devices, and high fidelity airplane flight training devices. This w de
range of fidelity devices conplicates the issue of determ ning specific
requi rements for part-task sinulation fidelity. The utilization of too
much fidelity can result in unwanted vari ance associ ated to the behavi or
bei ng exam ned. On the other hand, if the sinulation does not represent
the context in which the specific task is to be investigated, due to a
low |l evel of fidelity, the behavior exam ned may not be exactly that for
whi ch the research was intended. Hence, fidelity requirenments for part-
task sinulations cannot be determned in general. The requirenments mnust
be determ ned on a case by case basis depending on the objectives of the
research.

If a researcher is interested in a baseline human perfornmance neasure
such as rate of errors or reaction tinme, or in conparing display formats
for user-acceptance, rudinentary flight training devices and conputer-
based sinul ati on devices could be used to exam ne behavior. These types
of part-task studies do not require the behavior to be neasured in the
full airplane context. Conversely, a high fidelity flight training device
woul d be necessary to eval uate operational procedures such as preflight
or approach checklists for a specific airplane. To performthese
procedures, subject pilots would need a conplete replication of the
specified aircraft's cockpit. These capabilities are only found in the
nost sophisticated flight training devices, levels (4-7) as defined
earlier.
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O her exanples, such as the one just nentioned, could be presented to

i ndicate specific types of research that could be adequately perfornmed in
the various part-task sinmulation devices. However, no general guidelines
are applicable for the full range of part-task sinulations. Each

i ndi vidual study has its own characteristics and objectives and therefore
its own fidelity requirements based on the context that a specific
behavi or nust be neasured within.

The af orenenti oned recommendati ons for part-task sinulation fidelity
requi rements were not very specific. As the main problens associated
with sinmulation fidelity requirenments nmentioned in this docunent were
brought to the forefront for part-task research. Specifically, the fact
that fidelity defies sinple description or neasurenent and thus |evels of
required fidelity can not be determined in general for various types of
part-task simnulation research

Concl usi ons

Sinulation fidelity is an obscure concept that is being thrust onto the
simul ati on community as a way to neasure a sinulation device's

ef fectiveness for human factors research. To date, no consensus on just
what exactly fidelity is, or howit affects sinulation research efforts
has been agreed upon. Also, there is even nore discrepancy regardi ng how
to determne fidelity requirements for specific types of human factors
research. This docunent anal yzed the | atest research pertaining to

simul ation research fidelity requirenments and nade genera

recommendati ons as to the requirenments necessary when performng various
types of human factors sinulation research

In the past few years sinulation has becone nore acceptable for research
due to technol ogy advancenents enabling nearly realistic |evels of
simulator fidelity. This trend is likely to increase, given the steady
i mprovenents in all aspects of simulation. A well-designed research
simul ation project is cost-effective when conpared to nost other ways of
achi eving the sane objectives, such as flight test. However, as the use
of sinulation for research increases, nore specific guidelines and
requirements for fidelity are necessary to ensure that the sinulation
devi ces are being used effectively to neet the objectives of the
specified research

6. FUTURE RESEARCH AND RECOMVENDATI ONS

As shown in this analysis, fidelity is an ambi guous concept not clearly
defi ned or agreed upon in the simnulation research conmunity. The
benefits of better understanding fidelity and its requirenments for
simul ati on research are nunmerous. Specifically, the ability to determ ne
t he exact amount of fidelity necessary for an individual research

obj ective, and then be able to choose the correct sinulation device for
the desired level of fidelity would reduce the chance of conducting
research with an inadequate |evel of sinulation. To reiterate, current
deci sions on simnulation devices for research are resulting in unnecessary
costs and extraneous factors negatively effecting results when too nuch
fidelity is utilized, and behaviors that do not represent real-life are
providing insufficient results when not enough fidelity is incorporated.

21



Presently, there are no guidelines for determning fidelity requirenments
for various simulation research applications. Furthernore, there is no
consensus on the effects varying levels of fidelity have on research
results, or for the anmount of fidelity necessary to elicit usefu

eval uations of behavior. To provide answers to these questions and begin
to have a better understanding of sinulator fidelity inits entirety,
several topics for future research are reconmended.

One area of fidelity research that needs nore attention is the

determ nation of a quantitative nethod of defining fidelity. As
nmentioned earlier, fidelity is a nmetric-free subjective val ue perceived
differently fromone person to the next. Variations in the fidelity of

i ndi vi dual conponents, as well as the sinmulator as a whole need to have a
uni versal index for conparison. This index could be used to determ ne a
specific value of fidelity necessary for a research objective, and al so
give a nethod of conparing one sinulator to another based on | evel of
fidelity.

Further research is also needed for the determ nation of specific
criteria for classifying sinmulators in terns of overall fidelity.
Currently the Federal Aviation Adm nistration (FAA) categorizes aircraft
simul ation devices in terns of objective (engineering) fidelity, as
illustrated in Advisory Circulars No. 120-40B and 120-45A. Sinul ation
devi ces, for research especially, need to be categorized in ternms of
their perceptual fidelity as well. This would allow a researcher with
specific fidelity requirenents to choose a sinulator that is appropriate.
Sinmulator classification by fidelity sets a basis fromwhich the user
conmmunity can identify the specific sinmulation device that is optim zed
for their needs (Prasad et al., 1991).

Al so, further analysis and exam nation of human factors simulation
studies will provide guidance for fidelity issues that need to be
considered in future sinulation studies. Upon conpletion of a research
study, practitioners could analyze the effects that the level of fidelity
utilized had on the desired outconme. Study specifics such as type of
simul ator, neasures evaluated, fidelity characteristics and a genera
description of the experinmental study from subject and observer coments
woul d be obtained. The information could be stored in a database and be
avail able for future researchers to access when addressing fidelity
concerns for their own human factors simulation research

Lastly, a process by which to determ ne what type of simulation research
to conduct, full-mssion or part-task, and the type of sinulation device
to utilize for a specific research evaluation, is needed for researchers
to obtain the nost benefit fromresearch conducted using sinulation. The
experimental factors included in the follow ng checklist provide a |ist
of issues to be exam ned when determ ning the type of experinenta

si mul ati on device, and | evel of sophistication, for a particular study.

Upon addressing these issues of concern for simulation research, a
researcher can then match the specified needs with the characteristics
and capabilities found in the different study types to determ ne which
will result in the nost appropriate evaluation for the planned research.
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For future FAA Technical Center sinulation research, it is recomended
that this process be used to determ ne sinulator sophistication
requirements. A conmittee of experts made up of Crew System Ergonomni cs
Information Anal ysis Center (CSERI AC) and FAA personnel could objectively
determ ne these requirenents based on a specific study's characteristics,
as determ ned by addressing issues listed in the above checklist.

Checkl i st of Experinental Factors to Consider for Sinulation Research

GENERAL

- Tine

- Cost

- Aircraft (nodeVseries)

- Systens to be tested

- Statistical Power needed

- External Factors of |nterest

EXPERI MENTAL METHCODOLOGY

- Research bjective

- Variables of Interest

- Behavi or of Interest

- Physi ol ogi cal Factors to be stinmulated
- Psychol ogi cal Factors to be stinmulated
- Procedures/Skills to be tested

The use of simulators for research is increasing as technol ogy
enhancenents inprove their capabilities. A better understanding of the
concept of fidelity is necessary to assure that simulation devices are
utilized correctly for human factors research. The recomendati ons
presented herein for sinmulator fidelity issues to address in the future
will start providing answers to the questions and concerns expressed

t hr oughout this docunent.
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Appendi x A
FLI GHT TRAI NI NG DEVI CE M NIl MUM STANDARDS
AS SPECI FI ED I N FAA- AC- 120- 45A
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Table A. Flight Training Device Minimum Standards

Level
GENERAL 3|4 Comments

a. A cockpit which have actuation of X Level 3 must be representative of a
controls and switches which replicate those single set of airplanes, and must have
in the airplane. navigation controls, displays and

instrumentation as set out in FAR
Section 91.33 for operation in
accordance with instrument flight rules
(IFR).

b. Instruments, equipment, panels, X Level 2 must be representative of a
systems, and controls sufficient for the single set of airplanes. Levels 2 and 5
training/checking events to be accomplished require simulated aerodynamic
must be located in a spatially correct open capability and control forces and
flight deck area. Actuation of these travel sufficient to manually fly an
controls and switches must replicate those instrument approach.
in the airplane.

c. Daily preflight documentation. X X

d. Lighting environment for panels and X X Lighting must be as per airplane
instruments must be sufficient for the lighting for Level 7.
operation being conducted.

e. Circuit breakers should function X X Must be properly located in Levels 6
accurately when they are involved in and 7.
operating procedures or malfunctions
requiring or involving flight crew
response.

f. Effect of aerodynamic changes for X Levels 3, 6, and 7 require
various combinations of drag and thrust additionally, the effects of gross
normally encountered in flight, including weight and center of gravity.
the effect of change in airplane altitude,
thrust, drag, altitude, temperature, and
configuration.

g. Digital or analog computing of X X
sufficient capacity to conduct complete
operation of the device including its
evaluation and testing.

h. All relevant instrument indications X
involved in the simulation of the
applicable airplane entirely automatic in
response to control input.

i. Navigation equipment corresponding to X Levels 3, 6, and 7 must also include
that installed in the replicated airplane communication equipment (interphone and
with operation within the tolerances air/ground) corresponding to that
prescribed for the actual airborne installed in the replicated aircraft,
equipment and, if appropriate, to the operation

being conducted, an oxygen mask

microphone/communication system. Levels

2 and 5 need have operational only that

navigation equipment sufficient to fly

a non-precision instrument approach.
A1

26




Table A. Flight Training Device Minimum Standards (cont’d)

Level
GENERAL 3|4 Comments

J- Crewmember seats must afford the X Level 7 crewmember seats must
capability for the occupant to be able to accurately simulate those installed in
achieve the design eye reference position the airplane.
for specific airplanes, or to approximate
such a position for a generic set of
airplanes.

k. In addition to the flight crew- X X These seats need not be a replica of an
member stations, suitable seating aircraft seat and can be as simple as
arrangements for an instructor/check airman an office chair placed in an
and FAA inspector. These seats must appropriate position.
provide adequate view of crewmember’s
panel (s).

1. Installed system(s) must simulate the X X Levels 6 and 7 must simulate all
applicable airplane system operation, both applicable airplane flight, navigation,
on the ground and in flight. At least one and systems operation. Level 3 must
airplane system must be represented. have flight and navigational controls,
System(s) must be operative to the extent displays, and instrumentation for
that applicable normal, abnormal, and powered aircraft as set out in FAR
emergency operating procedures included in Section 91.33 for IFR operation. Levels
the operator’s training programs can be 2 and 5 must have functional flight and
accomplished. navigational controls, displays, and

instrumentation.

m. Instructor controls that permit X X
activation of normal, abnormal, and
emergency conditions, as may be
appropriate. Once activated, proper system
operation must result from system
management by the crew and not require
input from the instructor controls.

n. Control forces and control travel X Levels 2 and 5 need control forces and
which correspond to that of the replicated control travel only of sufficient
airplane, or set of airplanes. Control precision to manually fly an instrument
forces should react in the same manner as approach.
in the airplane, or set of airplanes, under
the same flight conditions.

o. Significant cockpit sounds which X
result from pilot actions corresponding to
those of the airplane.

p- Sound of precipitation, windshield Statement of Compliance.
wipers, and other significant airplane
noises precipitable to the pilot during
normal, abnormal, or emergency operations,
as may be appropriate.

A-2
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Table A. Flight Training Device Minimum Standards (cont’d)

Level

GENERAL

3

)

Comments

q. Aerodynamic modeling which, for
airplanes issued an original type
certificate after June 1980, includes low-
altitude level-flight ground effect, Mach
effect at high altitude, effects of
airframe icing, normal dynamic thrust
effect on control surfaces, aeroelastic
representations, and representations of
nonlinearities due to sideslip based on
airplane flight test data provided by the
manufacturer.

Statement of Compliance.

Tests required. The statement must
address ground effect, Mach effect,
aeroelastic representations, and
nonlinearities due to sideslip.
Separate tests for thrust effects and
demonstration of icing effects are
required.

r. Control feel dynamics which
replicate the airplane simulated. Initial
and upgrade evaluation will include control
free response (column, wheel, and pedal)
measurements recorded at the controls. The
measured responses must correspond to those
of the airplane in takeoff, cruise and
landing configurations.
(1) For airplanes with irreversible control
systems, measurements may be obtained on
the ground if proper pilot static inputs
are provided to represent conditions
typical of those encountered in flight.
Engineering validation or airplane
manufacturer rationale will be submitted as
Justification to ground test or omit a
configuration.
(2) For flight training devices requiring
static and dynamic tests at the controls,
special test fixtures will not be required
during initial evaluations if the
operator’s ATG shows both test fixture
results and alternate test method results,
such as computer data plots, which were
obtained concurrently. Repeat of the
alternate method during the initial
evaluation may then satisfy this test
requirement.

Statement of Compliance.

s. Aerodynamic and ground reaction
modeling for the effects of reverse thrust
on directional control.

Statement of Compliance.
Tests required.

t. Timely permanent update of flight
training device hardware and programming
consistent with airplane modifications.
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Table A. Flight Training Device Minimum Standards (cont’d)

Level
GENERAL 1 3|4 Comments
u. Visual system, if installed (not X X Visual system standards set out in ACT
required). 120-40, as amended, for at least Level
A simulators will be acceptable.
v. Motion system; if installed (not X X Motion system standards set out in AC
required). 120-40, as amended, for at least Level
A simulators will be acceptable.
A-4
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